Washed Fusobacterium polymorphum did not initiate growth under semianaerobic conditions unless reducing compounds were added to the medium. In the presence of glutathione or cysteine, however, cultures incubated under air achieved a turbidity twice that of anaerobic cultures. The increased growth occurred in a diauxic manner and was inhibited by several compounds that block oxidative phosphorylation or other oxidative reactions. Growth was not affected by inclusion of fermentative by-products in the medium. Flushing of the atmosphere with oxygen at the beginning of the second growth phase enhanced the rate of the increased growth. Fusobacterium polymorphum was capable of oxidizing glutathione under all growth conditions tested. The diauxie was apparently mediated by the oxidation of GSH by F. polynzorphurn.
INTRODUCTION
The fusobacteria are a seldom studied group of organisms found primarily in the oral cavity of mammals. Previous reports indicate that these organisms are moderate anaerobes (Loesche, 1969 ) and that energy is gained through fermentation of sugars and amino acids (Jackins & Barker, 1951; Loesche & Gibbons, 1968) .
This paper is concerned with the influence of reducing agents on the initiation of growth by washed cells under anaerobic and semi-anaerobic conditions and with the utilization of reduced glutathione (GSH) oxidation for growth. Stocks of the organism in either medium were kept at -90 "C for several months.
METHODS

The organism. Fusobacterium polymorphum
Preparation of inoculum. Organisms for inocula were grown in Trypticase Soy Broth for 18 h. Unwashed inocula (0.01 ml) were prepared by centrifuging the culture for 10 min at 4500 g in a Sorvall Model RC 3 refrigerated centrifuge (Ivan Sorvall, Norwalk, Connecticut, U.S.A.) and resuspending the pellet in cold 0.9 % (w/v) saline to the original volume. Washed inocula (0.01 ml) consisted of organisms from 18 h cultures which had been centrifuged and resuspended in fresh cold saline four times.
Experimental medium and culture conditions. Trypticase Soy Broth was used throughout ; 10 ml amounts in 16 x 150 mm optically matched screw-capped tubes were autoclaved at 76 1 1 . S. COLES 121 "C for 15 min. Reduced glutathione (GSH) (Calbiochem, LaJolla, California, U.S.A.), cysteine (cysh) and cysteine !analogues (Nutritional Biochemicals Corp., Cleveland, Ohio, U.S.A.), alcohols, inhibitors and organic acids (obtained as pure as commerically available) were prepared as 10 x concentrated stock solutions, adjusted to pH 7 where necessary with NaOH, filter sterilized and added aseptically to the cooled Trypticase Soy Broth. Tubes measuring anaerobic growth were flushed aseptically for 5 s with 95 "/o N, and 5 ' g C 0 2
immediately after inoculation. Caps were screwed on tightly and sealed with warmed Parafilm (Ace Scientific Supply Co., Linden, New Jersey, U.S.A.). Semi-anaerobic tubes were usually not flushed; where indicated they were aseptically flushed with 95 % 0 , + 5 :: C 0 2 .
Experiments were carried out at 37 "C and turbidity was measured using a Coleman Model 9 nephocolorimeter (Coleman Instruments, Maywood, Illinois, U.S.A.) at 655 nm. Turbidimetric changes were verified by direct organism count determinations using a PetroffHauser counting chamber.
Oxygen uptake experiments. Oxygen uptake was measured using a Model 55 YSI oxygen monitor (Yellow Springs Instrument Co., Yellow Springs, Ohio, U.S.A.) or a Warburg respirometer (Gilson Medical Electronics, Middletown, Wisconsin, U.S.A.). Oxygen monitor vial contents contained substrate (0.03 M), phosphate buffer (0.1 M) washed organisms (I mg protein/ml) and water to 3.5 ml. For Warburg respirometric experiments, vessels contained the same substrate, buffer and organism concentrations with a final volume of 2 ml. The incubation temperature for both systems was 37 "C. Autoxidation controls containing all components except organisms were used for each experiment. GSH used in metabolic experiments was freshly prepared daily. The solution was kept at 4 "C until 5 min before oxidation measurements were performed. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall ( I 95 I).
R E S U L T S
Growth initiation and diauxic growth
While both unwashed and washed in ocula of Fusobacterium yolyrnorphurn grew anaerobically, the lag exhibited by washed inocula was longer than that for unwashed inocula. The unwashed inocula also grew under semi-anaerobic conditions after a longer lag than anaerobically, but washed inocula woudd not grow under these conditions. When growth did occur, the rate and extent of growth were always similar.
To test whether washing caused loss of reducing substances froni the bacteria, washed bacteria were incubated in medium containing GSH. Glutathione (0.003 to 0.03 hi) enabled washed inocula to grow semi-anaerobically (Fig. I ). Growth during 48 h was greater than that of either anaerobic or semi-anaerobic unwashed cultures grown without GSH. When the GSH concentration was 0.01 or 0.016 M, but not 0.03 M, the semi-anaerobic culture began to grow again at about 70 h. Both washed and unwashed inocula exhibited this further growth, resulting in a further doubling of turbidity (from 0.48 to 1.0) and number (from 9-4 x IO* to 2-4 x 109 bacteria/ml). Such diauxie in the presence of GSH was not noted when cultures were incubated anaerobically.
Examination by Gram stain of each culture revealed no contaminating organisms. As a further control the cultures were plated on Trypticase Soy Agar in pour plates and streak plates, incubated aerobically and anaerobically under 95 % N2 + 5 "/: C02. Aerobic plates revealed no growth. Anaerobic plates revealed only Fusobacteriurn polyrnorphum colonies. Three cloned colonies were inoculated into thioglycollate medium and the experiment shown in Fig. 2 was repeated using these cultures for inoculum. In addition, a new ATCC culture Eflect of glutathione on F. polymorphum was obtained. All clones chosen and the new ATCC culture demonstrated the same phenomenon as shown in Fig. 2 when 0.01 M-GSH was included in the medium.
Factors affecting the diauxie
When various reducing substances or cysteine analogues were substituted for GSH, several compounds, some of them unrelated except for reducing ability, enabled both washed and unwashed inocula to grow ( Table I) . Only cysteine, however, gave a diauxic effect like that with GSH. Several compounds related to cysteine were toxic to unwashed inocula.
The organism, though anaerobic, was apparently capable of utilizing oxygen and producing energy which could then be used for division. Accordingly, cultures were incubated with a variety of uncoupling agents or other inhibitors of aerobic metabolism. None of the inhibitors prevented anaerobic growth in the presence or absence of GSH or semi-anaerobic growth in the presence of GSH ( Table 2 ) . Both semi-anaerobic growth in the absence of GSH and diauxie were inhibited by all the inhibitors tested.
Eflect of high concentration of oxygen
Flushing of the atmosphere with 95 7;; 02+ 5 "/o CO, at various times prevented initiation of growth at zero time, stopped further growth at 18 h, but greatly increased the rate of division in the second growth phase at 44 or 67 h (Fig. 2) . A rapid increase in turbidity began almost immediately upon introduction of the 0, + CO, mixture.
Ezect of metabolic intermediates on the irerobic growth
Several possible by-products and intermediates of fermentation were added to the medium to test their effect both on initiation of growth and on diauxie. None of the acids tested Eflect of ghtathiovle on F. polymorphm 79 (acetate, butyrate, citrate, isobutyrate, isovalerate, lactate, malate, pyruvate, succinate or valerate) had any stimulatory effect on the diauxie. Formaldehyde completely inhibited growth initiation and citrate had a slight inhibitory effect. Alcohols (methanol, ethanol, n-propanol, isopropanol, butanol isomers, isoamyl alcohol) had no stimulatory effect. Furthermore, doubling of the glucose concentration prevented the diauxie. Elimination of glucose from the medium, however, did not permit initiation of growth under semi-anaerobic conditions even when the inoculum was taken directly from 18 h cultures in thioglycollate medium and contained twice the number of organisms used for the rest of this study.
Oxygen utilization
Results of oxygen utilization studies revealed that only GSH and cysh were oxidized by Fusobacteriuin polymorphum. Due to inherently high and erratic rates of autoxidation and problems of solubility at neutrality, precise measurements of cysh oxidation were not attempted. Fusobacterial oxidation of GSH was followed daily for six days and covered all IP: 54.70.40.11
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stages of the diauxic growth curve. Fusobacreriunz polymorphum was able to oxidize GSH with the same specific activity regardless of the growth conditions used (Table 3) . No C 0 2 was evolved during oxidation of GSH or when organisms were incubated with any other substrate or fermentation end-product. Boiled or trichloroacetic acid treated organisms were without activity. All alcohols and acids previously tested for stimulation of diauxic growth were not oxidized and had no stimulatory effect on the rate of GSH oxidation.
D I S C U S S I O N
When suspended in saline, Fusobacterium polymorphzim releases 260 nm absorbing material, suggesting that the membrane may be unable to retain certain small molecules. Washed organisms rapidly lose reducing substances and fail to grow unless reducing compounds are added to the medium. Preliminary evidence indicates that intracellular tryptophanase (tryptophan hydro-lyase (deaminating), EC. 4 . 2 . I -) is inactivated by washing the organism and can be reactivated by addition of pyridoxal phosphate. Thus, the anaerobic nature of the bacterium and its demanding growth requirements may be associated with a membrane that is unable to retain a full complement of enzyme co-factors.
In the presence of GSH or cysh, semi-anaerobic growth of Fusobacterium polymorphm exhibits a diauxie phenomenon and results in a final yield twice that obtained anaerobically.
Since only GSH and cysh cause the increased growth, there is a greater specificity in the reducing compound required for the diiiuxic effect than in that for initiation of growth. Furthermore, the lack of diauxic growth under anaerobic conditions or in the presence of respiratory inhibitors indicates that oxidation of some substrate plays a role in the increase in organism numbers and culture turbidity. Of many substances tested, the organism was only capable of oxidizing GSH or cysh. Fermentation by-products also had little effect on the rate or extent of diauxic growth; none of them could be substituted for GSH.
The hypothesis that oxidative metabolism is responsible for the increased growth is further strengthened by the growth stimulation obtained by subjecting cells about to begin the second growth phase to high atmospheric concentration of oxygen. This result is analogous to that noted by Chalkley & Voegtlin (1940), who found that, under high oxygen tension, GSH accelerated division of Amoeba proteus. Presumably the resultant high dissolved oxygen concentration increased the efficiency of the oxidative metabolism and subsequent growth.
Limitations on our knowledge of the metabolic capabilities and growth requirements of Fusobacrerium polymorphum preclude definite conclusions about the precise nature of the GSH effect, but the semi-anaerobic diauxie may be due to a Crabtree effect (Chance & Hess I 956). This effect presumably occurs because ADP utilization during fermentation leaves little available for use in oxidative phosphorylation. Thus, when more glucose was made available for fermentation, diauxie was inhibited.
The utilization (albeit extremely limited) of oxygen by Fusobacterium polymorphum, if characteristic of all fusobacteria, may help to explain why Loesche (1969) found the fusobacteria to be only moderate rather than strict anaerobes. The limited utilization might allow greater tolerance of oxygen. Further, the data presented here may explain why Howell, Rizzo & Paul ( I 965) found that fusobacteria increased in numbers earlier in dental calculus than did the more frankly anaerobic Actinomyces naeslundii and A. israelii. The fusobacteria, by virtue of their oxidative capacity, perhaps helped to create an even more anaerobic environment in the calculus.
